Tau is one of the two pathological hallmarks of Alzheimer's disease, and bears a much closer relationship to local neurodegeneration and cognitive impairment than the other hallmark, β-amyloid. Cell and rodent models have shown evidence that tau spreads from cell to cell through anatomical neuronal connections, and that this process is facilitated by the presence of βamyloid. We test this hypothesis in humans by using an epidemic spreading model (ESM) to simulate the spread of tau over human neuronal connections, and we compare the simulated pattern of progression to the observed pattern measured in the brains of 295 individuals on the Alzheimer's disease spectrum, using PET. Fitting our model, we found that the majority of variance in the overall pattern of tau progression could be explained by diffusion of an agent through the human connectome, measured using either functional connectivity or diffusion tractograpy. These models far exceeded chance, and outperformed models testing the extracellular spread of tau over Euclidian space. Surprisingly, the ESM predicted the spatial patterns of sub-threshold * Corresponding authors: jacob.vogel@mail.mcgill.ca, alan.evans@mcgill.ca * * These authors contributed equally to the work Data used in preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the investigators within the ADNI contributed to the design and implementation of ADNI and/or provided data but did not participate in analysis or writing of this report. A complete listing of ADNI investigators can be found at: tau in cognitively normal elderly without significant amyloid burden with impressive accuracy. In addition, in amyloid-positive subjects only, regions with greater amyloid burden showed greater tau than predicted by connectivity patterns, suggesting a role of amyloid in accelerating the spread of tau in certain isocortical regions. Altogether, our results provide strong evidence that tau spreads through neuronal communication pathways even in normal aging, and that this process is accelerated by the presence of brain β-amyloid.
disease other dementias [38, 39] . Our analysis also improves upon these and Figure 1 : Methodological approaches. A) Summary of the mixture model procedure, using the left inferior temporal lobe as an example. The distribution of all SUVR values in this ROI are shown. Two Gaussian mixture models are fit to the data. When a one-component model first the data better, the ROI is discarded. When a two-component model fits better, the probability that each values falls upon the second distribution is calculated. B) Summary of ESM model. An artificial system based on a pairwise relationship (e.g. functional connectivity) matrix is created, where the relationship between regions i and j is represented by weight ij. For each subject, a seed is placed at the model epicenter, and the diffusion of this signal over time is simulated through the system, where the interregional relationships determine the pattern of spread, and subject-level free parameters determine the velocity of diffusion, until an optimal fit is reached. At this point, the simulated tau signal is compared to the observed tau-PET signal to evaluate the model. C) One advantage of the ESM over traditional approaches lies in the initiation of secondary seeding events as the diffusion process reaches new regions (top). Another advantage lies in the fitting of subject-level production (/beta) and clearance (/delta) parameters. A balance in these parameters will lead to little to no spreading over time, while increasing imbalance leads to increasing speed of spread. erated by finding the correlation between timeseries' of each pair of regionsof-interest from the Desikan-Killiany atlas, and all available confounds were 167 regressed from the correlation matrices. We took the mean of all 74 cor-168 relation matrices to create an average healthy connectome template. This 169 connectome was then thresholded so as to only retain the top 10% of con-170 nections, and transformed so all values fell between 0 and 1.
171
To validate our findings, we created a template structural connectiv-172 ity matrix using DTI tractography data from a non-overlapping sample of 173 healthy and cognitively impaired individuals from ADNI. In total, 204 indi-174 viduals had one or more DTI scans available, for a total of 540 scans. All 175 scans were preprocessed with a previously described diffusion tractography 176 pipeline [46] , and acquisition and processing information has been described 177 in detail [47] . Briefly, orientation distribution functions (ODF) were calcu-178 lated and in turn used to generate deterministic connections between pairs 179 of brain regions from the Desikan atlas. Specifically, an ACD measure was 180 used, representing the total proportion of regional surface area (across both 181 regions) that contain connecting fibers between the two regions. All images 182 were assessed for quality. Connectomes were averaged across all subjects 183 resulting in a template structural connectome in aging.
184
To create a Euclidian distance matrix, we calculate the coordinate repre-185 senting the center of mass for each region of interest, and find the Euclidian 186 distance between it and the center of mass of every other ROI. By using this 187 distance matrix in the epidemic spreading model, we test the hypothesis that 188 tau diffuses radially across adjacent cortex, rather than through connected 189 regions. age of onset, which interact with regional-connectivity patterns to determine 201 8 the velocity of spread. The ESM is fit over time to each subject across sev-202 eral parameter sets, and the set that produces the closest approximation to 203 observed tau burden for a given subject is selected. Note that these parame-204 ters provide no information as to regional patterning, which is the metric by 205 which the accuracy of the model is evaluated (see below). Instead, the free 206 parameters moderate the overall tau burden (i.e. the stopping point), which 207 allows the ESM to be fit to individuals across the Alzheimer's disease spec-208 trum. For example, an individual with little-to-no tau burden would likely 209 be fit with a balance of production and clearance rates that would preclude as global population fit. Individual model fit is calculated as the r 2 and 233 mean squared error between predicted regional tau probabilities and actual The mean r 2 across all individuals was used to represent overall model fit.
236
To evaluate the accuracy of the global pattern, the regional predicted and The epidemic spreading model was fit, simulating the spread of tau signal 288 from a single epicenter through functional brain connections (Fig 3,4) . When Next, the ESM was fit allowing the model to select the "best-fitting" re-295 gional epicenter ( Fig 4B) . The hippocampus was selected, slightly improving 296 the overall global accuracy of the model to 57.8%, but dramatically increasing 297 the average local (within-subject) explained variance to 46.7% (SD=27.9%).
298
The epidemic spreading model was particularly effective in predicting the 299 early progression of tau, but diverged from the observed tau pattern over 300 time (Fig 3,4) .
301
As a validation, the ESM was fit using a structural connectome created 302 using diffusion tensor imaging tractography on a separate sample of healthy 303 and cognitively impaired older adults ( Fig 4C) . The model fit was highly 304 consistent with models fit over functional connectomes of younger adults. (right) Spreading patterns of (from left to right) the observed tau-PET data, the ESM simulated data with entorhinal epicenter, and with hippocampus epicenter. Warmer colors represent higher proportion of regional tau-positivity predicted or observed across the population. Each "stage" was achieved by arbitrarily thresholding the population-mean tau-positive probability image at the following thresholds: 0.38, 0.3, 0. distance matrix instead of a functional or structural connectome ( Fig 4D) . in CN-subjects with medium or even very low regional tau burden (Fig 6) . or underestimated by the model based on the sign of the residual (Fig 7A,B) . Fig 7D) , suggesting the 341 regional presence of amyloid may accelerate the spread or expression of tau 342 tangles. However, this effect was only present in amyloid+ individuals, and 343 was stronger in individuals with clinical cognitive impairment ( Fig 7E) . 
Discussion

345
Observations in post-mortem human brains [27, 26] and experiments in 346 animal models [20, 21, 22, 23, 12] have together provided evidence that tau 347 can be transmitted from cell to cell through neuronal projections. However, showing the spatial distribution of regional amyloid-positive probabilities. D) Underestimated regions tended to have significantly greater amyloid burden, suggesting these regions had more tau than would be predicted given their connectivity to the model epicenter. E) The same relationship stratified by clinical diagnosis.
